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Light-harvestingQuinone distributions in the thermophilic purple sulfur bacterium Thermochromatium tepidum
have been investigated at different levels of the photosynthetic apparatus. Here we show that, on
average, the intracytoplasmic membrane contains 18 ubiquinones (UQ) and 4 menaquinones
(MQ) per reaction center (RC). About one-third of the quinones are retained in the light-harvest
ing–reaction center core complex (LH1–RC) with a similar ratio of UQ to MQ. The numbers of qui-
nones essentially remains unchanged during crystallization of the LH1–RC. There are 1–2 UQ and
1 MQ associated with the RC-only complex in the puriﬁed solution sample. Our results suggest that
a large proportion of the quinones are conﬁned to the core complex and at least ﬁve UQs remain
invisible in the current LH1–RC crystal structure.
 2015 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Quinones are membrane-soluble redox molecules found in
nearly all living organisms [1]. They mainly exist in photosynthetic
and respiratory electron transport chains and function as electron
and proton carriers to produce transmembrane proton gradients.
Four types of quinone have been reported in anoxygenic photosyn-
thetic bacteria [2]: ubiquinone (UQ), menaquinone (MQ), rhodo-
quinone (RQ) and chlorobiumquinone (CQ). Both UQ and RQ
belong to the benzoquinones that are considered to be evolution-
arily younger than the naphthoquinones to which the MQ andCQ belong. UQs are present in all purple phototropic bacteria [3]
and have been shown to play a crucial role in the photochemical
reactions of bacterial photosynthesis [4–6]. MQs are found in some
purple bacteria and are the major quinone compounds in green
bacteria and heliobacteria. RQs are present in some purple
non-sulfur bacteria, and CQs are only found in the green sulfur
bacteria.
Although these quinones have been identiﬁed at the levels of
cell or photosynthetic membrane, we have only limited and frag-
mentary knowledge on their distribution and composition in the
speciﬁc apparatus or protein complexes to which they are associ-
ated. In the well studied Rhodobacter (Rba.) sphaeroides that con-
tains solely UQ10 (subscript number speciﬁes the number of
isoprenoid units in the side chain), about 20–30 UQ10 per reaction
center (RC) were estimated for the so-called quinone pool in chro-
matophores based on both biochemical and spectroscopic analyses
[7–10]. The stoichiometric ratio decreased to about 10–15 in the
light-harvesting–reaction center core complex (LH1–RC, per
monomer) [9–11] and further to 1–2 in the RC [6,9]. Two UQ10
molecules were conﬁrmed in the crystal structure of the RC [12].
A similar number of 25 quinones/RC was reported for chro-
matophores from Phaeospirillum (Pha.) molischianum that contains
both UQ9 and MQ9 [3,13]. However, the diffusion rate of quino-
ne/quinol exchange was found to be 30 times slower than that in
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Fig. 1. Absorption spectra of the samples used in this study. Top: chromatophores
(inset: deconvoluted region, dotted lines show the components). Middle: LH1–RC
solution and crystal samples. Bottom: puriﬁed RC.
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formerly Rhodopseudomonas) viridis, one UQ9 and one MQ9 per
RC were measured, but nearly half of the UQ9 were lost during
crystallization with a ﬁnal ratio of UQ9/MQ9 = 0.6 in the RC crystals
[14]. The UQ9 at QB site in the crystal structures is characterized by
low occupancy and heterogeneity in position [15–18]. In
Allochromatium (Alc.) vinosum that contains both UQ8 and MQ8
[3,19,20], a smaller number of 5–10 quinones/RC was estimated
in the chromatophores [5]. In Thermochromatium (Tch.) tepidum,
which is a close relative to the Alc. vinosum, a ratio of
UQ/MQ = 4.3 was reported for whole cell extracts [21]. The MQs
consisted of a mixture of isoprenoid chains of lengths 6, 7 and 8
units in a ratio of 11:4:85, respectively, and only MQ8 was detected
in the isolated RC solution [21]. In the recently published crystal
structure of the Tch. tepidum LH1–RC core complex at 3.0 Å resolu-
tion, we have identiﬁed one UQ8 and one MQ8 [22]. However, the
UQ8 was not found in a RC-only structure at much higher resolu-
tion [23]. Since the LH1–RC core complex is a more natural form
than the RC-only complex, the above results prompt us to ask
how many quinones could be expected in the Tch. tepidum LH1–
RC and whether there is a loss during crystallization of the LH1–
RC. To answer these questions, we have conducted a quantitative
study to investigate the distribution of the quinones in Tch. tepi-
dum and to compare their compositions among chromatophore,
LH1–RC solution and crystal samples, and the RC-only complex.
2. Materials and methods
2.1. Preparations of chromatophores, LH1–RC and RC complexes
Tch. tepidum cells were cultured for seven days.
Chromatophores were prepared as previously reported [24]. The
chromatophores were suspended in 0.5 mL of 20 mM Tris–HCl
(pH 7.5) at concentration of A850 = 120, and were then lyophilized.
LH1–RC complex was isolated from the chromatophores and puri-
ﬁed following the same procedure described before [25]. Crystals
of the LH1–RC were the same as those used in the structure deter-
mination [22]. About 200 crystals were collected and dissolved in
20 mM Tris–HCl (pH 7.5) buffer containing 0.05% w/v n-dodecyl
b-D-maltopyranoside (DDM). RC complex was prepared by the
same procedure as reported [26]. After recorded the absorption
spectra, all samples in the solutions (0.5 mL) were precipitated
by adding the same volume of 50% w/v PEG3000, followed by
washing the precipitates with 17% w/v PEG3000. The pellets were
dried and stored at 80 C. Absorption spectra of the samples used
in this study are shown in Fig. 1.
2.2. Extraction and separation of the quinones
All chemicals used were purchased from Wako Pure Chemical
Industries, Ltd. (Japan) and Sigma Chemical Co. (U. S. A), unless
otherwise noted. Three methods of quinone extraction were
tested: (1) the quinones were extracted with a mixture of 1:1
acetone/methanol; (2) the quinones were ﬁrst extracted by 1:1
acetone/methanol, followed by petroleum ether (bp. 30–70 C)
extraction [27]; and (3) the quinones were extracted with a mix-
ture of 2:1 chloroform/methanol [21,28]. All extractions were
repeated twice and the combined extracts were dried under
argon stream. The dried extracts were dissolved in ethanol
(0.2 mL) and injected onto a reverse-phase HPLC column
(TOSOH, TSKgel ODS-80Ts, 4.6  250 mm). The quinones and pig-
ments were eluted isocratically at 25 C by 7:3 methanol/iso-
propanol at a ﬂow rate of 0.7 mL/min and were monitored by a
multi-wavelength UV detector (ÄKTA Puriﬁer, UV-900) at
270 nm, 370 nm and 500 nm.2.3. Determination of quinone content
The quinone identities were determined by comparing their
absorption and mass spectra with those of authentic UQ10 and
MQ4 purchased from Sigma–Aldrich (U. S. A). The absorption spec-
tra were recorded on a Agilent 8453 UV–Vis spectrophotometer.
The mass spectra were measured on a 4800 Plus MALDI TOF/TOF
Analyzer (Applied Biosystems, MDS SCIEX). 2,4,6-Trihydroxy ace-
tophenone (THAP) was used as matrix and was dissolved in 50%
acetonitrile solution containing 0.3% TFA with the ﬁnal concentra-
tion of 20 mg/mL. The quinones dissolved in chloroform were
mixed with the THAP solution in a ratio of 1:1 (v/v) and then
loaded onto the sample stage for co-crystallization. Measurement
was performed in positive and reﬂector modes. The spectra
obtained were calibrated externally using the authentic UQ10,
MQ4 and the [M+H+] ions from ﬁve standards: angiotensin I (m/z
1297.51), ACTH (clip 1–17) (m/z 2094.46), ACTH (clip 18–36)
(m/z 2466.72), ACTH (clip 7–38) (m/z 3660.19) and insulin (bovine)
(m/z 2867.80, z = 2). Quantiﬁcation of the quinone contents was
conducted by integrating the quinone peaks in chromatogram
based on the calibration using authentic UQ10 and MQ4 as the stan-
dards. Following extinction coefﬁcients were used to calculate the
number of quinones per RC: 14.7 mM1 cm1 at 275 nm for the UQ
in ethanol [11,14], 17.3 mM1 cm1 at 270 nm for the MQ in etha-
nol [29], 4320 mM1 cm1 at 915 nm for the Tch. tepidum LH1–RC
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Fig. 3. Chromatograms of the quinone extracts from Tch. tepidum chromatophores,
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number of LH1–RC complex in chromatophore was evaluated by
deconvolution of the absorption spectrum of the chromatophores
from 630 to 1000 nm in order to extract the contribution of LH1
at 915 nm using the same procedure described previously [24]
(see Fig. 1). This is also the number of RC assuming that each
LH1 ring surrounds a RC.
3. Results
Using a multi-wavelength UV detector, the quinones eluted
from HPLC can be easily distinguished from other pigments as
shown in Fig. 2a. The absorption spectra in Fig. 2b conﬁrm that
the fractions eluted at 23.5 min and 38.6 min are UQ and MQ,
respectively. Both the UQ and MQ extracted are in oxidized form
as conﬁrmed by treatment with 2 mM FeCl3. Mass spectra yielded
m/z values of 751.5 and 739.5 for the UQ and MQ, respectively,
indicating that both of them were detected as Na+-associated ion
species and correspond to the quinones with eight isoprenoid
units. No other quinones with different chain lengths were
detected from all samples.A
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Fig. 2. (a) A representative HPLC chromatogram of the pigments extracted from
Tch. tepidum LH1–RC complex with 2:1 chloroform/methanol. The absorbance was
monitored at three wavelengths as indicated. BChl: bacteriochlorophyll a, BPhe:
bacteriopheophytin a, Spir: spirilloxanthin. (b) Absorption spectra of the quinone
fractions eluted at 23.5 min (upper panel, solid line with the scale on left axis) and
38.6 min (lower panel, solid line with the scale on left axis) from the HPLC of
chromatophore extracts. Comparison of the spectra with those of the authentic
UQ10 (upper panel, dotted line with the scale on right axis) and MQ4 (lower panel,
dotted line with the scale on right axis) conﬁrms that the fractions at 23.5 min and
38.6 min are the UQ and MQ, respectively.
LH1–RC complexes in solution and crystals, and RC-only complex. The chro-
matograms are normalized to the peak height of MQ8 for comparison.
Table 1
Numbers of the quinones per RC in chromatophores, puriﬁed LH1–RC, LH1–RC
crystals and RC-only complex from Tch. tepidum.
Sample UQ8 MQ8 UQ8/MQ8
Chromatophores 18 ± 2 3.7 ± 1.1 5.0 ± 0.8
LH1–RC (solution) 6.1 ± 0.8 1.3 ± 0.1 4.6 ± 0.5
LH1–RC (crystal) 6.7 ± 0.2 1.4 ± 0.1 4.7 ± 0.1
Puriﬁed RC 1.6 ± 0.1 0.6 ± 0.1 2.8 ± 0.2Of the three methods of extraction we have tested, the mixture
of 2:1 chloroform/methanol was found to be most efﬁcient by giv-
ing the highest yield. Thereafter, this solvent mixture was used
throughout all experiments. Fig. 3 shows chromatograms of the
quinones extracted from chromatophores, LH1–RC in puriﬁed solu-
tion, LH1–RC crystals and RC-only solution sample. Apparently, the
chromatophore and both LH1–RC samples exhibited a similar ratio
of UQ8/MQ8, whereas the RC showed a much reduced value. A
quantitative analysis on the number of the quinones per RC is
shown in Table 1. There are about 18 UQ8 and 4 MQ8 per RC in
the Tch. tepidum chromatophore. The total number of the
quinones/RC is compatible with those reported for Rba. sphaeroides
[7–10] and Pha. molischianum [13], but is greater than that esti-
mated for Alc. vinosum [5]. The ratio of UQ8 to MQ8 is consistent
with that previously reported for the whole cell extracts from
Tch. tepidum [21].
The numbers of quinone per RC decreased to about 6 for UQ8
and about 1.3 for MQ8 in the LH1–RCs in both solution and crystal
samples with the UQ8/MQ8 ratios similar to that in chromatophore.
The result indicates that about one-third of both UQ8 and MQ8 in
the photosynthetic membrane are located within the LH1–RC core
complex and there is no essential loss of these quinones during the
crystallization. However, the UQ8 and MQ8 in the puriﬁed RC-only
complex are much fewer than those in LH1–RC complex, only a
quarter of the UQ8 and half of the MQ8 are retained in the RC with
a reduced ratio of UQ8/MQ8 = 2.8. The numbers of quinones in the
puriﬁed RC are in agreement with those measured for Rba. sphaer-
oides [6,9] and Blc. viridis [14].
A major source of errors in estimating the quinone contents in
chromatophore and core complex may arise from the uncertainty
in the extinction coefﬁcient of LH1–RC complex. To investigate
this, we extracted the carotenoids from the puriﬁed LH1–RC with
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of the carotenoids in Tch. tepidum LH1–RC [25]. Using the extinc-
tion coefﬁcient of spirilloxanthin in benzene (147 mM1 cm1 at
510 nm), a number of 15.3 carotenoids per LH1–RC was calculated.
This is very close to the number identiﬁed from the crystal struc-
ture [22], conﬁrming the correctness of the extinction coefﬁcient
of LH1–RC.
4. Discussion
In this study, we have determined the quinone contents in var-
ious portions of the thermophilic purple sulfur bacterium Tch. tepi-
dum. The results provide a comprehensive and quantitative
analysis of the quinone distribution at different levels of the pho-
tosynthetic apparatus. Size of the quinone pool (22
quinones/RC) in the intracytoplasmic membrane is about the same
as those reported for other photosynthetic bacteria. However, the
distribution appears to be inhomogeneous. About one-third of
the quinones are conﬁned to the LH1–RC core complex with the
UQ8/MQ8 ratio similar to that in chromatophores. About 12 UQ8
and 2.4 MQ8 per RC remain outside the core complex possibly
as mobile quinones in the membrane. Taking into account that
only 1–2 quinones are present in LH2 complex [11], the result sug-
gests a speciﬁc afﬁnity of the quinones for the core complex, which
is consistent with that reported for Rba. sphaeroides where about
25–40% of the endogenous UQ10 in quinone pool are associated
with the core complex [9–11]. Although we have relatively
detailed information on the UQ so far, little is known about the
behavior of MQ. The ﬁnding of this work reveals that MQs are also
present in the quinone pool outside the core complex with a stoi-
chiometric ratio of MQ/UQ = 0.2. The MQ is tightly bound at QA site
in the RCs of Tch. tepidum and Blc. viridis, but the quinone in this
position has been shown by numerous studies (in most cases the
UQ10 in Rba. sphaeroides) to be replaceable by a large variety of qui-
none molecules [4,6,32]. Our result implies a possibility of the MQ
exchange between the QA site and quinone pool but at a much
reduced rate with respect to the UQ at QB site, because the binding
afﬁnity of the quinone at QA site is much greater than that of the
quinone at QB site (21 vs. 11 kJ/mol for DG) [33]. This might
also be reﬂected in the small ratio of MQ to UQ.
Different from the situation of RC-only complex, the numbers of
UQ8 and MQ8 in Tch. tepidum LH1–RC complex remained essen-
tially unchanged during the crystallization. However, only one
UQ8 and one MQ8 were conﬁrmed in the LH1–RC crystal structure
[22], occupying the QB (proximal) and QA sites, respectively. This
means that about ﬁve UQ8 were still invisible. Inspecting the pub-
lished LH1–RC structure at 3.0 Å resolution, there are sufﬁcient
cavities between the LH1 ring and RC to accommodate several qui-
none molecules. In fact, from the electron density map we can see a
number of areas with residual densities, which might correspond
to the fragments of quinones and/or lipids. The invisible quinones
may be scattered over the interior of the LH1–RC and could exist in
a transient state between the quinone and quinol exchange as the
structure shows that the LH1 ring has multiple channels poten-
tially available for the quinone passage. These mobile quinones
should be structurally disordered, making them difﬁcult to be
detected in the crystal structure. There is also a possibility that
additional quinone-binding sites are in the LH1–RC complex as in
the case of photosystem II, in which a third quinone-binding site
(QC) was identiﬁed [34–36]. Such quinones would be difﬁcult to
identify in the RC-only complex but may become visible from the
higher resolution structures of the LH1–RC core complex through
improvement of the crystal quality. It is noted that electron density
tentatively assigned to the extra quinone is recently reported from
the high resolution structures of RCs [18].In the crystal structure of the Tch. tepidum RC-only complex, a
MQ8 is bound to QA site but no quinone is found in the QB position
[23]. Usually, the QB site in Blc. viridis RC has poorly deﬁned elec-
tron density due to the low occupancy [16–18]. Based on our
result, it is reasonable to estimate that there are 1–2 UQ8 and
one MQ8 associated with the RC in the puriﬁed sample prior to
crystallization. These are much fewer than those in the LH1–RC
core complex, indicating that the LH1 ring plays an important role
as the protective fence in conﬁnement of the quinone molecules.
The UQ8 may be loosely bound to the RC in solution but a majority
of them are lost during the crystallization as in the case of Blc. vir-
idis RC [14]. The result is not surprising because the crystallization
procedure of RC-only complex usually involves using lauryl
dimethylamine N-oxide (LDAO) that is known as an effective deter-
gent for the quinone extraction [4,6]. Moreover, the RC-only com-
plex may have been partly modiﬁed or even damaged during the
isolation and puriﬁcation processes as evidenced in the LH1–RC
structure. The conformation of a portion in the C-subunit is mark-
edly different from that in the RC-only structure and a fragment of
the H-subunit, which was invisible in the RC-only structure,
reveals clear electron density in the LH1–RC structure [22].
Combining other ﬁndings that show crucial roles of the surround-
ing LH1 in stabilizing the charge separation process of RC [9,11],
our results support the conclusion that it is more desirable for
investigation of the structure and function of the intact RC by using
the LH1–RC core complex as a starting material.
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